The oxysterol-binding-protein (OSBP)-related proteins (ORPs) are conserved from yeast to humans 1, 2 , and are implicated in the regulation of sterol homeostasis 3, 4 and in signal transduction pathways 5 . Here we report the structure of the full-length yeast ORP Osh4 (also known as Kes1) at 1.5-1.9 Å resolution in complexes with ergosterol, cholesterol, and 7-, 20-and 25-hydroxycholesterol. We find that a single sterol molecule binds within a hydrophobic tunnel in a manner consistent with a transport function for ORPs. The entrance is blocked by a flexible aminoterminal lid and surrounded by basic residues that are critical for Osh4 function. The structure of the open state of a lid-truncated form of Osh4 was determined at 2.5 Å resolution. Structural analysis and limited proteolysis show that sterol binding closes the lid and stabilizes a conformation favouring transport across aqueous barriers and signal transmission. The structure of Osh4 in the absence of ligand exposes potential phospholipid-binding sites that are positioned for membrane docking and sterol exchange. On the basis of these observations, we propose a model in which sterol and membrane binding promote reciprocal conformational changes that facilitate a sterol transfer and signalling cycle.
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The oxysterol-binding-protein (OSBP)-related proteins (ORPs) are conserved from yeast to humans 1, 2 , and are implicated in the regulation of sterol homeostasis 3, 4 and in signal transduction pathways 5 . Here we report the structure of the full-length yeast ORP Osh4 (also known as Kes1) at 1.5-1.9 Å resolution in complexes with ergosterol, cholesterol, and 7-, 20-and 25-hydroxycholesterol. We find that a single sterol molecule binds within a hydrophobic tunnel in a manner consistent with a transport function for ORPs. The entrance is blocked by a flexible aminoterminal lid and surrounded by basic residues that are critical for Osh4 function. The structure of the open state of a lid-truncated form of Osh4 was determined at 2.5 Å resolution. Structural analysis and limited proteolysis show that sterol binding closes the lid and stabilizes a conformation favouring transport across aqueous barriers and signal transmission. The structure of Osh4 in the absence of ligand exposes potential phospholipid-binding sites that are positioned for membrane docking and sterol exchange. On the basis of these observations, we propose a model in which sterol and membrane binding promote reciprocal conformational changes that facilitate a sterol transfer and signalling cycle.
OSBP was first discovered as a cytosolic receptor for oxysterols 6, 7 that downregulate cholesterol synthesis 8 . The cloning of OSBP (ref. 1) led to the identification of a large family of OSBP-related proteins (the ORPs) with seven members in Saccharomyces cerevisiase and twelve in Homo sapiens (ref. 2) . ORPs are essential for life in eukaryotes. The deletion of all seven ORPs leads to severe defects in sterol and lipid distribution and endocytosis in yeast 3, 4 , and OSBP is essential for embryonic development in mice (M. Brown, personal communication). All ORPs contain a core OSBP-related domain, and many also contain pleckstrin homology domains, transmembrane regions, endoplasmic-reticulum-targeting FFAT (two phenylalanines in an acidic tract) motifs, GOLD (Golgi dynamics) domains and/or ankyrin repeats 2 . These additional domains localize ORPs by binding to phosphoinositides 9 , the endoplasmic reticulum protein VAP (vesicle-associated membrane protein (VAMP)-associated protein) 10 and other targeting signals. The localization of ORPs is dynamic. Oxysterol binding changes the subcellular localization of certain ORPs from the cytosol to the Golgi or endoplasmic reticulum 9, 11 . ORPs can bind lipids other than oxysterols, including phosphoinositides and phosphatidic acid 12, 13 . OSBP is a cholesterol-sensing regulator of two protein phosphatases-a PTPPBS (protein tyrosine phosphatase PC12, Br7, Sl) family member and the serine/threonine phosphatase PP2A (protein phosphatase 2A) 5 . The structure of full-length Osh4 was determined by multiple isomorphous replacement and refined to an R free value of 23% at 1.5 Å resolution (see Methods; Supplementary Fig. 1 ; Supplementary Table 1) . Osh4 is built around a central antiparallel b-sheet of 19 strands (residues 115-293) that form a near-complete b-barrel (Fig. 1a, Supplementary Fig. 2 ). The strands of the barrel are pitched at ,458 to its axis. The barrel has structural similarity to the large b-barrels of various bacterial outer-membrane transporters 14 as scored by DALI (ref. 15) (Supplementary Fig. 3 ). There is no pleckstrin homology domain within the OSBP-related domain 13 . A tunnel with mainly hydrophobic walls runs through the centre of the barrel in a location that corresponds to the pore in bacterial outermembrane transporters (Fig. 1b) . As a soluble b-barrel protein with a hydrophilic exterior and a hydrophobic tunnel in the barrel centre, Osh4 resembles an inside-out porin. Residues 1-29 form a lid that covers the tunnel opening (Fig. 1c, d ). The N-terminal domain following the lid (residues 30-117) consists of a two-stranded b-sheet and three a-helices that form a 50-Å -long antiparallel bundle, which runs the entire length of the barrel. The portion of the bundle distal to the lid fills the centre of the barrel, forming a plug at the far end of the tunnel. The proximal portion of the bundle forms one wall of the tunnel by replacing the missing strands of the barrel. There is a large carboxy-terminal region (residues 308-434) following the barrel. The exterior surface around the lid of the tunnel contains six highly conserved basic residues ( Fig. 1c ; Supplementary  Fig. 4 ).
Sterols bind to Osh4 within the central tunnel of the b-barrel in a head-down orientation. The 3-hydroxyl group of the sterol is buried at the bottom of the Osh4 tunnel, and the side chain touches the inner surface of the lid (Fig. 1e) . Although Osh4 has a novel fold, the burial of its ligands in a central hydrophobic tunnel is reminiscent of the structures of other lipid binding and transport proteins. The closest analogy is to the steroidogenic acute regulatory protein (StAR) transport (START) domain proteins MLN64 (ref. 16 ) and StarD4 (ref. 17 ) that bind cholesterol, the START-domain-containing protein phosphatidylcholine-transfer protein 18 , and the mammalian phosphatidylinositol-transfer proteins [19] [20] [21] . In these structures, the ligands are completely sequestered from solution. The yeast Sec14 phospholipid-transfer protein 22 (and its relatives 23, 24 ), the GM2 activator protein 25 , the cholesterol-binding proteins NPC2 (ref. 26) and Scp2 (refs 27, 28) , and the glycolipid transfer protein 29 have similar ligand-binding tunnels, although some of these are open at one end 22, 25, 29 . The structural analogy to other lipid transporters suggested to us that Osh4 might be an ergosterol transporter, and that other ORPs might also transport sterols or other lipids.
The most striking aspects of oxysterol recognition by Osh4 are the absence of direct hydrogen bonds between sterol hydroxyl groups and the side chains of conserved amino acids within Osh4, and the prominence of water-mediated interactions. The 3-hydroxyl group of cholesterol, ergosterol and oxysterols binds to two water molecules and to the side chain of Gln 96 within Osh4. This Gln is part of a hydrated cluster of polar side chains at the bottom of the Osh4 tunnel ( Fig. 1e, g ). Trp 46, Tyr 97, Asn 165 and Gln 181 comprise the remainder of the polar cluster at the tunnel bottom, and form water-mediated interactions with the 3-hydroxyl group. The 20-and 25-hydroxyl groups of the respective oxysterols interact with relatively ordered water molecules but not directly with the protein. The 7-hydroxyl group of 7-hydroxycholesterol has no apparent hydrogen bonds to either protein or waters. The 25-hydroxyl group is linked through two water molecules to the conserved Lys-109 side chain, but other oxysterol hydroxyl groups are linked to lesswell-ordered water molecules. The lack of direct protein interactions with oxysterol hydroxyl groups in Osh4 contrasts sharply to the specific recognition of 24(S),25-epoxycholesterol by a His-Trp pair in the liver X receptor 30 , a specific effector molecule for a subset of oxysterols.
The absence of direct interactions between the hydroxyl groups and the protein is difficult to reconcile with the concept that Osh4 is a specific effector of oxysterol signalling. We examined the relative affinities of Osh4 for cholesterol and oxysterols. Cholesterol binds to Osh4 with a K d of 300 nM (Fig. 2a) , as compared to a K d of 55 nM for the oxysterol with the highest affinity among those tested, 25-hydroxycholesterol ( Supplementary Fig. 5 ). Given the modest difference in affinities between these two molecules, and that cholesterol is far more abundant than oxysterols in mammalian cells, we propose that cholesterol is a physiological ligand for ORPs. We will report elsewhere the results of a study that show Osh4 transports ergosterol, the yeast counterpart of cholesterol (S.R., Y.J.I., J.H.H. and W.A.P., manuscript in preparation).
In the bound conformation of Osh4, the sterol ligands within the complex are inaccessible from the outside. Therefore, a conformational change in Osh4 is required for the uptake and release of sterols. The lid has some of the highest B values in the structure (Fig. 3b) , which suggests flexibility within this region. After limited proteolysis by trypsin in the absence of ligand, Osh4 is rapidly converted to a stable fragment beginning at residue 28 ( Fig. 3a) , which corresponds to the end of the lid region (Fig. 3b) . Binding of 25-hydroxycholesterol stabilizes this region against proteolysis (Fig. 3a) . Sterol ligands stabilize the closed conformation of the lid through direct van der Waals interactions with Trp 10, Phe 13 and the highly conserved residues Leu 24 and Leu 27 (Fig. 1f, g ). We were unable to crystallize full-length Osh4 in the absence of ligand, which we attribute to the flexibility of the lid region in the unliganded state. We engineered a 'lidless' Osh4 in which residues 1-29 were deleted and the flexible surface loop 236-240 was replaced by an ectopic dipeptide sequence. Mutation of loop 236-240 does not affect cholesterol binding (data not shown). We determined the structure Fig. 6 ). c, Relative binding affinity of labelled cholesterol (at a concentration of 0.15 mM) for Osh4 mutants relative to wild-type Osh4 (taken as 100%) using a high-stringency washing protocol. The standard error from three measurements is shown by the bars. Y, complements fully; W, complements weakly; N, does not complement. of this lidless form of Osh4 in its unliganded conformation at 2.5 Å resolution, which we refer to below as the 'apo' structure (Fig. 3c, d) .
The apo structure undergoes a dramatic conformational change (2.9 Å r.m.s. for all common Ca positions) compared with the complexed structure. This conformational change is triggered when the ligand-lid interactions are lost. The movement of the lid away from the rest of the protein unlocks helix a7 and basic-residuecontaining loops from their complexed conformations. In the apo structure, the tunnel is open and there is no longer any barrier to ligand exchange. Helix a7 pivots about its N terminus such that its C terminus moves 15 Å . The b1 strand and several loop regions near the tunnel opening move by up to 7 Å . The Ca of the conserved basic residue Lys 109 moves 6 Å in this conformational change. These shifts result in the reorganization of the entire conserved basic cluster at the tunnel entrance (Fig. 3c) . The apo conformation presents putative phosphate-binding sites and a flattened unobstructed surface surrounding the tunnel opening, which are not present in the bound conformation (Fig. 3d) .
We tested whether the conserved basic residues at the tunnel entrance of Osh4, as well as structural core, lid and sterol-binding residues, were important for biological function by assessing their ability to complement a yeast strain in which all seven ORPs have either been deleted, or are present as a temperature-sensitive allele 3 . Lys 109, the His 143-His 144 pair and Lys 336 are essential for function 13 , whereas two basic residues that lie further from the tunnel entrance (Lys 168 and Arg 344) are not (Fig. 2b , Supplementary Fig. 6 ). None of these residues are in direct contact with cholesterol, and their mutation only modestly impairs cholesterol binding (Fig. 2c) . In contrast, some mutations within the tunnel (such as Y97F) and structure core mutations near the tunnel (such as L111D and E117A) abrogate both cholesterol binding and biological function (Fig. 2a, c) . K109A, K168A and K336A mutations all lead to sharp reductions in basal cholesterol transport by Osh4 (S.R. et al., manuscript in preparation), while H143A-H144A shows a smaller reduction; hence, the major biochemical consequence of mutation within the basic cluster is a consistent defect in sterol transport.
In the complexes, the 1-amino groups of Lys 109 and Lys 336 are ,3.6 Å away from each other, and lie in an unfavourable semi-buried environment (Fig. 1f) . In the apo structure, they move 8.7 Å apart.
Two ordered sulphate ions are bound in the apo structure: one is bound between the new positions of Lys 109 and Lys 336, and the other near the conserved His pair (Fig. 3c) . We believe these sulphate ions mimic the roles of phospholipid phosphate groups because they bind in the position expected for the plane of the membrane surface during sterol exchange. The unfavourable geometry of the Lys 109-Lys 336 pair in the complex suggests that the closed structure is in a destabilized 'tense' state. We propose that the open state is selectively promoted by the availability of phosphate groups at the membrane surface, which bind to these Lys residues only in the open state. Thus, these residues appear to function as an electrostatic spring-loaded lock that controls access to the tunnel. On the basis of these observations, we propose a sterol transfer and signalling cycle (Fig. 4) .
OSBP is a cholesterol sensor that regulates phosphatase complexes 5 . 25-hydroxycholesterol antagonizes cholesterol activation. We find that 25-hydroxycholesterol and cholesterol bind to the same site within Osh4 and induce similar gross structural changes. However, 25-hydroxycholesterol is unique among oxysterols in that it forms a water-mediated hydrogen bond with the critical Lys 109 residue. Differences in packing between the side chains of different sterols and the surrounding side chains of Ile 17, Leu 24 and Leu 27 within Osh4 lead to shifts in the lid main-chain position by up 1.5 Å when compared with the cholesterol complex ( Supplementary Fig. 7 ). Within the oxysterol complexes, the 25-hydroxycholesterol structure shows the largest differences from the cholesterol complex. The possible role that these subtle structural changes have in explaining 25-hydroxycholesterol/cholesterol antagonism warrants further study.
The lid region and the basic cluster at the tunnel opening are conserved in all ORPs, whereas parts of the cholesterol-binding site are not well conserved, suggesting that many ORPs might transport non-sterol ligands. The conservation of the lid and basic cluster lead us to believe that the transport cycle will be maintained throughout this protein family. Similarly, cholesterol-dependent signalling will require the same apparatus as cholesterol transfer in order to facilitate the uptake of cholesterol at membranes.
METHODS
Protein expression and purification. DNA encoding Osh4 residues 2-434 was amplified by polymerase chain reaction and subcloned into the BamHI and XhoI sites of a pGEX-4T vector modified to contain a tobacco etch virus (TEV) protease recognition site. The glutathione S-transferase (GST) fusion protein was expressed in Escherichia coli BL21(DE3) cells overnight at 30 8C. The cellular lysate was applied to glutathione sepharose, and the GST removed by digestion with TEV protease in the column. Osh4 was eluted with 500 mM NaCl and 50 mM NaH 2 PO 4 pH 7.5, concentrated and then purified on a Superdex 200 column (Pharmacia) in 20 mM Tris-HCl pH 8.0, 100 mM NaCl. Crystallization. 25-Hydroxycholesterol was prepared in ethanol and added at a final concentration of 1 mM to 15 mg ml 21 of protein. Crystals were grown by vapour-diffusion at 25 8C above a reservoir of 100 mM 2-N-morpholinoethanesulphonic acid (MES)-NaOH pH 6.5, 12% (w/v) polyethylene glycol 20,000 over one week. Crystals for complexes with ergosterol, cholesterol, 7-hydroxycholesterol and 20-hydroxycholesterol were similarly grown. Crystals were cryoprotected in reservoir solution supplemented with 20% (v/v) glycerol and flash frozen under nitrogen gas at 95 K. Apo Osh4 crystals were grown in 100 mM MES-NaOH pH 6.0 and 1.6 M ammonium sulphate using micro-and macro-seeding. The apo crystals were cryoprotected in reservoir solution containing 32% (v/v) glycerol. Structure determination is described in the Supplementary Methods. Tryptic digestion and N-terminal amino acid sequencing. 25-Hydroxycholesterol-bound Osh4 was prepared by adding 25-hydroxycholesterol to a final concentration of 1 mM to a 0.3 mM protein solution. The 25-hydroxycholesterol-bound Osh4 or apo-Osh4 proteins (30 mg) were digested with increasing trypsin concentrations at 37 8C for 2 h. Fragments of the Osh4 protein prepared by limited proteolysis with trypsin were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membrane, and stained with Coomassie blue R-250. Bands were cut out and the N-terminal amino acids were sequenced using a 492cLC Protein Sequencer (Applied Biosystems). Ligand-binding assay. For the analysis of mutant Osh4 binding at a single concentration (Fig. 2a) at a ratio of 1:9 to a final concentration of 10 mM in ethanol. Each reaction was carried out at 22 8C in a final volume of 100 ml of 20 mM Tris-HCl pH 8.5, 30 mM NaCl and 100 pmol Osh4. Cholesterol (15 pmol) was added to the protein solution and incubated for 1 h. HiTrap Q resin (20 ml of 70% (w/v); Amersham) pre-equilibrated with buffer A (20 mM Tris-HCl pH 8.5) was added and incubated for 5 min. The tubes were centrifuged at 13,000g for 1 min and washed four times with 1 ml of buffer A. The protein was eluted from the resin with 700 ml of buffer A containing 1 M NaCl. After centrifuging at 13,000g for 10 min, 200 ml of supernatant was taken and the radioactivity measured in a liquid scintillation counter. In the low-stringency washing protocol (Fig. 2b) , radiolabelled cholesterol (40 pmol) was dried under nitrogen and resuspended in 100 ml of 20 mM Tris-HCl pH 8.5, 30 mM NaCl, 0.05% Triton-X100. Purified Osh4 protein was added to a final concentration of 200 nM and incubated at 30 8C. After incubation for 1 h, 15 ml of HiTrap Q resin was added and the samples were vortexed and left at 22 8C for 5 min. The resin was pelleted by spinning at top speed in a microcentrifuge for 5 min. After three washes with 20 mM Tris pH 8.5, the protein was eluted from the resin with 500 ml of 20 mM Tris-HCl pH 8.5, 1 M NaCl. After centrifugation, the radiolabelled cholesterol in the supernatant was determined by scintillation counting. To determine nonspecific binding, 500 mM of unlabelled cholesterol was included in the incubation. Yeast strains and complementation analysis. Complementation analysis was performed by introducing plasmids encoding mutant Osh4 proteins into either the CBY926 (ref. 4) or NDY63 (MATa sec14-3 osh4::kanMX4 ura3-1 his3-11,-15 leu2-5,-112) yeast strains. CBY926 contains a temperature-sensitive allele of OSH4 (osh4-1) and deletions of the other six OSH genes. NDY93 is a sec14-1 Dosh4 strain that cannot grow at 37 8C if it contains a plasmid encoding a functional Osh4 protein; complementing plasmids prevent NDY93 from growing at 37 8C (ref. 13 ). To assess complementation, strains containing the various plasmids were plated on synthetic complete dextrose medium minus uracil and grown at 37 8C.
